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AJSTRACT

Total electron bontent data of a year of the Ebro

and Hamilton stations have been analized by the Chapman-

killer method and the components of the solar and lunar ti

des at both stations obthined. The same analysis has been.

performed with the data grouped by seasons. All results

but the ones corresponding to Ebro equinoxes, are signifi

cant at the 5% level, and agree with results of other au-

thors. The non-significance of the equinoxes results seems

to be related to the location of the focus of the dynamo

ionospheric currents. Also the semimonthly lunar tide and

its diurnal solar variation are obtained and the results

are discussed,
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IINTRODUCTION.

Since Iartyn (1947) determined the semidiurnal lunar tide
of the P2 layer at IHuancayo, many authors have been studing

the lunar tide in the ionosphere (cfr. Matsushita (1967)). The
se studies are generaly made using the parameters of the dif-
ferent ionospheric layers such as the critical frequency, the
virtual height or the height of the maximum of the layer. lNo-
re recently, Huang (1978) made an analysis of the total elec-
tron content of the ionosphere (TEO) in order to study the
semidiurnal lunar tide near the crest zone of the equatorial

anomaly. Hands (1978) determined the solar dependence of the

semimonthly lunar tide in fOF2 at Wakanaii and Kokubunji and
sohws its agreement with the teoretical calculations made by
Hands and Maeda (1978).

In the present work the semidiurnal lunar tide in TEC is
determined for two stations and its variation is discussed.
Also the semimonthly lunar tide is obtained and its dependeg

ce on solar time at different seasons as well as its seaso.
nal variation are showYn.

'ITODO DATA,

According to Chapman and Bartels (1940), the lunar varia
tion of a geophysical parameter can be represented by

L= ((-2)t+2r4A)

where t denotes solar time in hours, increasing from Oh to

24h from one local lower transit of the sun to nelt, v de-.
notes lunar time increasing from Oh to 24h from one local lo

*wer transit of.the moon to the next, In denotes the ampli-.

tude of the nth component of the lunar daily variation and
A n its phase angle.
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The second component, 12 sin(2r.A 2 ), is the most important

one. It has a period of half a lunar day and is the only one

purely lunar. All other components depend on both, lunar and

solar time.
The lunar variations of many geophysical data, are masked

by the much greater solar daily variations that depend only
on solar time. They may be represented by

S=l SpSifl(pt46p)

were sp and dp are the amplitude and phase of the pth com-

ponent.

A it is well known, Chapman and Miller (1940) developed
a method of analysis that separates both kinds of variations

and gives the amplitude and phase of the lunar components
starting from the data given in solar time. The analysis gi-

ves also the solar components as a byproduct. We applied

this method to the data of two stations (Ebro Observatory
and Hamilton) in order to obtain the lunar components of the

total electron content (TEC) variation.
The Ebro data consist of the hourly Faraday angles of

the signal of the SIRIO italian satellite, recorded at the
Ebro Observatory from December 1977 to November 19786 The sa

tellite was located at 15917 and the corresponding subionos
pheric point for Ebro and for a 420Km ionospheric height,was
at 37.121, 1.52W.

The Hamilton data were kindly supplied to us by Dr.llobu
char. They are hourly TEC data obtained by the Faraday rota-
tion method for 1976 and correspond to the subionoapherio
point 38.79N, 70.72W.

RESULTS AND DISCUS1034.

DIURNAL VAXRIATION,

The analysis has been applied, first of all, to the ye'-
lues of the whole year, rejeoting only the data of the days
in which at least one hourly value was missing. Afterwards,a

'i"



similar analysis was applied to the data grouped

in accordance with the three seasons: winter, equinoxes and

summer. The results are shown in tables I and II, where the

amplitudes and phases of the solar and lunar components, with

their probable errors appear. The percentages of the amplitu-

des, also given in the tables, are related to the mean value

of the data considered in each analysis.

According to Leaton et al. (1962), the amplitude is to be

considered significantly different from zero at the five per

cent level if it is greater than 2.08 times its probable
error. As can be seen all the solar terms, at both stations,
for all distributions of date, fulfil this condition, so that
are significant.

YuAong the lunar components, in .ibro, the first harmonic

is significant only in winter and when the data of the whole
year are considered. The second harmonic is always signifi-

cant except in the equinoxes, when no lunar harmonic is signL

ficant. The third and fourth harmonics are only significant

in summer.
In Hamilton, the first lunar component is significant in

all distributions but the summer one. The second component is

significant in all distributionS.The third component is signj

ficant when the data are grouped by seasons, but is not signi

fiant if all the data are taken together. Lastly, the fourth
componentisignificant in winter and summer.

The amplitude of the lunar components is always very

small, as shown in tables I and II. A great amount of data is
needed to determine them with enough confidence. The number

of data analyzed.in this paper, (a maximum of 245 days for
Ebro and 395 days for Hamilton) allows us to give only provi-

sional results in spite of the fact that the probable errors

indicate, in many cases, that the results are significant.
This fet has to be kept in mind in all the following dieou-
U ion.

Fig. 1. a-d, show the harmonic dials of each lunar compo-

nent for the two stations and for the different distributions

of data, with the corresponding oircles of probable errors.

I lv . .-- .. "
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ALL DATA

SOLAR TERMS LUNAR TERMS

Hlarm. -Amplitude Phase Amplitude Phase
, Vat. p.err 9 Val. p.err

1 59 417. 6.3 2112.9 2 19.4 6.9 359.2
2 9 69.4 3.0 8O.9 2 14.o 3.2 135.9
3 4 34.7 2.5 36.2 - 3.1 2.6 290.7

1 1 12.6 1.8 321.2 - 1.1 1.8 357.1

W]I N'r [,'RI

SOLAR rL ,wms LUNAR TERMS
Harm. .Amplitude Phase Amplitude Phase

Val. A). err Val. p.errS

1 83 395. 10.7 256.6 7 36.5 11.7 356.9
2 27 128. 4.9 8o.7 24 21.2 5.1 145.7
3 5 26.0 3.5 25.9 1. 5.3 3.6 293.1
4 6 32.3 1.7 263.3 - 2.0 1.8 146.5

SUMMER

SOLAR TERMS LUNAR TERMS

Harm. Amplitude Phase Amplitude Phase
Val. p.err " Val. p.err

1 39 307. 7.3 28.5 1 12.1 8.0 36.6
2 3 26.r, 4.4 171.3 2 15.7 4.7 152.5
3 1 14.4 2.6 33. I 9.14 2.7 297.2
4 '4 32.8 2.4 30.9 1 8.0 2.5 2h.9

I,(f IxxI.: N X S

SoLAR I TERIMS .UNAR TEIA'IS

Harm. Amplitude Phase Amplitude Phase
', Vat. p.err o Val. p.err 9

1 70 589. 8.3 242.4 - 7.2 9.1 209.1
2 11 96.8 5.8 62.8 - 6.6 6.1 30.7
3 8 67.5 4.9 4o.7 - 4.9 5.1 110.5
4 1 12.8 3.7 279.7 - 5.1 3.8 2o9.1

Table I.- Solar and luni-solar harmonics of the T.E.C. at Ebro.

Amplitude units in degrees or the Faraday angles.

I I
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ALL DATAi

= SOLAR 'TEIIS LUNAR TERMS

Harm. Amplitude Phase Amplitude Phase
, Val. p.err 9 , Val. p.err o

1 73 43.3 0.35 242.0 1 1.0 0.38 35.4
2 5 3.3 O.31 91.3 3 2.0 0i.32 162.1
3 6 4.o 0.15 13.9 - 0.3 0.15 32.3
4 1 0.9 0.10 9.4 - 0.2 0.1] 279.9

Wi NTI'

SOLAR ElS LUNAR TENIS

Harm. Amplitude Phase Amp]. i tude Phase
I Val, p.err ? *? Val. p.err 9

1 83 44.1 0.65 253.7 2 1.5 0.71 66.6
2 28 15.3 O.,o 61. 2 1.11 0.42 203.3
3 !1 2.3 o.26 '327-8 1 0.8 0.27 1.3.9
It 5 3.0 0.19 211.1' - o.4 0o.19 158. 1

SU MNl I.I?

SOL,\R TEFIMS LUNAR I' THS

Harm. Amplitude Phase Amplitude Phase

% Val. p.err '; Val. ).err

1 62 39.7 0.59 229.9 - .t 0.65 6.5
2 16 10.6 o.4o 223.5 2 1.9 0.47 1140.9
3 8 5.2 0.26 '13.7 1 0.6 1.27 168.1
4 6 1 .3 0.20 27.8 1 0.7 0.21 280.4n

EQUINOXES

SOLAR TE10HNS) LUNAR l'i"RMS

Harm. Amplitude Phase Amplitude Phase
'p, Val. p.err . , Val. p.err

1 78 48.1 0.60 242.0 2 1.5 0.66 11.6
2 7 4.5 0.52 81 ., 5 3.1 0.54 158.2
3 8 5.3 0.30 21.5 1 0.9 0.31 303.6
4 2 1.3 0.16 17.6 - .t 0.17 347.4

Table II.- Solar and luni-solar harmonics of T.E.C. at Ilamil-

ton. Amplitude units in elect./sq.metel's4 1O* #15

i
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The dial corresponding to the equinoxes for Ebro has been o!
mited because none of the components are significant.

Comparing the results of both stations, we see that, for

the data of the whole year (fig. 1.a), the Hamilton lunar
components appear rotated about 302 counter-clockwise with
respect to those of Ebro. Only the non-significant fourth com
ponent'is an exception. The winter components (fig. l.b)show
also a counter-clockwise rotation but the angle rotated is

much bigger. It is about double for the first two harmonics
and nearly three times for the third one. In summer (fig.l.d),

the rotation is clockwise but the angles rotated are very
different from one component to another.

Many authors give the phase of the lunar components as
the time at which the maximum variation occurs. The dials of
fig. la-d give also that time if the origen is taken on the

vertical 90o angle and the time rekoned clockwise# The time
scale is different for the different components. A variation
of 2R radians correuponds to a change of 24 hours for the
first component, 12 hours for the second oneS hours for the
third one and 6 hours for the fourth one. As can be been in
figs. l.a-d, the phase of the second harmonic osoilates bet-
ween 8 ho and 10,5hr. lunar time, that are inside the range
of values generally found at middle latitudes for the lunar
variation of foP2 (ofr. Matsushita (1967)p Hands (1978)o

etc.).
If we ookpare the amplitude of the second lunar component

of each station for different seasons, We see that in Ebro,
in winter is slightly larger than in summer. In Ramiltoni on

the contrary, the amplitude in summer is slightly greater
than in winter, being the maximum one in the equinoxes.

Matsushita (1967) found for the second lunar omtponent of
the foh2 variation that the amplitude in local summer is usu
lly larger than in local winter. This agrees with the results
of Hamilton. Noverthelees he also reports rosulte of two eta-

tion that agree with the results o' Ebro4, On the other hand
* 8B1atten and Mendillo (1980: 0^1=d &at the lunar effect on

TEC in winter at two mLdlati A.e statiens is larger than in

' _ . . .. .. ......" .. ..... .' ,.• . ., i .I ., , I. . -. .... ..
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Fig.1c.- Lunar harmonics for equ~inoxes data.
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summrz
The influence of the moon on the P2 ionos herio layer has

been interpreted as produced by an electroimagnetio drift of

the layer caused by the superposition of a small electrosta-

tic field (lunar) on a large (solar) field, (cfr, Abur-Robb

and Dunford (1975)).

Hands and Maeda (1978) calculated the lunar effect on the'

P2 layer assuming that the electric fields that produce the

drift, are the solar lunar electric fields in the E-region de

duced from the solar and lunar geomagnetic variations obser-

ved on the ground. The Ebro Observatory is very near the fo-.

cus of the current system associati with these fields, so

that the daily variation of the horizontal magnetic component,
can be very different for different days, (as is shown in
fig. 2), depending on the location of the focus relative to
the station. As it is known since Hasegawathe latitude of

this focus changes from day to day, although its mean position
remains about 402 latitude. Moreover, the summer mean daily va
riation of the horizontal magnetic component in Ebro, corres-
ponds to a station located north of the focus, ..:hile the win-

ter mean variation corresponds to a station south of the fo
cue. The equinoctial variation corresponds to the superposi-
tion of the other two. This is shown in fig, 3 where the mean I
daily variation of the H geomagnetic components for ten years
at Ebro is shown for the different seasons* It looks like if

at equinoxees the focus of the current, were some times at

the north of the station and some times at the south of the
station, so that the mean daily variation of the magnetic aog
ponent is not much representative of the real daily variation
of the component, It is possible that the non significance of

the equinoctial lunar components of TEC variation at Ebro,
could be due to thid oause, since the ariation of the elee-
trostatic field bbit produces the ionospheric drift, can be
deduced from the variation of the magnetic oomponenth at

ground.

-. I&
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SEIMIMONTHLY LUN AR VARIATION.

The semimonthly lunai variation has been obtained from
the results found for the lunar harmonica of the different

seasons. As it is well known, for the first four harmonics

eq. 1 can be written.
4,

L: Insin (st- 29 4n (2)

where v =t-r indicates the phase of the Moon, measured by
the hour angle between the Moon and the Sun, increasing
from Oh at one new Moon to 24h at the next.

For the fixed solar time,titeq. 2 can be written
4 4

Lim-"sin2V Inc°S Pin+C082P Tinsinfin

where

inanti An

There-fore the amplitude and the phase of the semimonthly

lunar variation at the solar time ti (Lsicos(2v-t .)) are

respectively 4 4Ls-( _1ei n2+ +(lnafi ) 2)1/

ti='-1" ( l nca sin) /( " ,-jsin in ) )

that depend on ti through fi,.

We used eqs, 3 to deduce the amplitudd and phase of the

semimonthly lunar variation for every solar hour at Ebro

and at Hamilton. The input values are the amplitude ad p0

se of the diurnal luhar oomponehte, previousl obtained for

the two stations by the Chapman-iller method, The results

ere shown in fig. 4# a-d.

An it can be seen, the amplitude shows a similar daily

variation at both stations in all but the equinoxes ourves$
A maximum in the afternoon or evening and A minimum hear
the early hours* In summer at both stations and In equino.

*1 • xes at Mibro both, a second ilt4um and minimum eIppei ,
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When the whole year is considered, the mgxinm takes p.&

ce at 1500LT in Ebro andg perhaps, an hour later in Hamilton.

The minimum, on the conttary, ooures in Bbro later (0400)thn

in Hamilton (000), Looking at the different seasonsi we dan

say that in both stations the time of the maximum shifts to"
wards later hours from wAntet to summer. The minimum ham not

a clear evolution. In Ebro it looks like if the time of mini-

mum shifts from the early hours of the day in winter to one
oitwo hours before midnight in summer, In Hamilton the shift
i9lso towards earlier hours but smaller than in Ebro. At
equinoxes in Ebro appears a decondary maximum at about OBOOLT

that produces a secondary minimum at about I0OLTo In summer

at the same station the secondary maximum takes place near

0200LTp and the secondary minimum at about 0500LT. In fiamil-

ton the secondary maximum appears only in summer at about

0800LT, with the corresponding minimum at about 1300L.T

Handa (1978) finds that the diurnal variation of the am-

plitude of the lunar semimonthly tide in fOF2 in 1Jakinaii

and in Kokubunai, presents a maximum between iaOOLT ad

2000LT; This is a little later than the time we find for the

maximum in Ebro'and in Hamilton. Hands and Maeda (1978) cal-

oulate the diurnal variation of the amplitude and phase of

the semimonthly lunar tide end found an amplifioation of the
amplitude at about 0400LT and about 2000LT. This vridtion
would be similar to the one we found in sumnier at both sta-
tions. Nevertheless the time of the maxima found by these a#

thors is different from the ones of Ebro and Hamilton.

Acoording to the results shown in fig. 4 a-d, the molar
influence on the amplitudo of the semimonthly lunar tide at

Ebro and Hamilton might be explained by the difference of

response to the electrostatic field between the daytime and

nightime ionosphere, due to the different ion production

processes and ionospherio perfileduring day ahd during

night, as suggested by Hands and IWaeda (1978).

• . t,4..€; :,,, , ''
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Fig4a -Solar variation of the semnimonthly lunar tide.

One year data.
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Summer data.
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Phase.

I
As it can be seen in figs, 4 a-d, the phase of the semi-

monthly lunar variation is usually zero at about 8h-10hr lo-

cal solar time. There are only two exceptions: the curve of

winter at Hamilton and the curve of equinoxes at Ebro. Never

theless, the phase in the winter curve at Hamilton is very

near zero at 8hr local solar time, On the other hand, the pha

se in equinoxes at libro has a zero value in the afternodnbet

ween 15hr and 16hr local solar time,

Besides the zero of the 8hr-10hr local solar time.The pha

se in Hamilton takes again the zero value near the solar mid-

night.
At Hamilton, the phase has an almost constant inciease

for the whole day. The only exception is, again, the winter

curve. In winter, it remains almost constant from Ohr to
about 8hr local solar time with a value a little above zero.

At about Shr local solar time the phase begins to increase
and at 23hr local solar time it reaches a value of about 12

lunar hours.
At Ebrow only' the curves of equinoxes and summer have a

second zero value of the phase near the solar midnight. At
Ithis stationi the curves corresponding to the whole year and

to winter are very similar. There is a small increase of the
phose between Ohr and 9hr loc<l solar time and a faster In-
crease from this time onwards. In equinoxes, thQ increase of
the phrc v Jarin-. t'e f.rst part of the day is also slower
than the increase durLin; t! second pert of it. In summeron
the contrary, the phase increases faster from Ohr to 8hr lo-
cal solar time than during the rest of the day.
Comparing the ouives of both stations, vve see that the cur-

ves corresponding to winter hsve a similar ariation, but
the phase of Hamilton is delo:-ed 1-3 lunar hnurs in relation

to the phase of Ebro.
Also the curves of sunmier are very similar in both sta-.

tions, Prom 5hr to 21hr local solar time +khe phases are

AL
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equal or the phase at Ebro is a little greater than the pha-
ae at Hamilton. For the rest of the day the phase at Hamil-
ton is 2 or 3 lunar hours greater than at Ebro. The zero of
the 8hr-lOhr local solar time appears a little earlier at
Ebro than at Haniltona The midnight zero of the phase, that
at Hamilton occurs at 22hr-23hr, at Ebro has been delayed to

the early hours of the morning.
In equinoxes the phase variation at both stations is not

so similar, but we have to keep in mind that the values for
Ebro have been obtained from non significant results.

The results for the whole year show that the phase inorea

sea faster at Hamilton than at Ebro from Ohr to 8hr local so-
lar time. From this hour onwards, the variation at both sta-

tions is almost the same.

CONCLUSION~.

The semidiurnal lunar tide in the TEC obtained by the
Chapman-Miller method from Ebro data of the year 1978,shows
an amplitude equivalent to the 2% of the mean yearly value
and a phase of 10&5 lunar hours. Only the two first harmo-

nics of the lunar tide are significant at the 5%, level.
When the same method is applied to the Hamilton TEC da-

ta of the year 1976, the amplitude and phase obtained for
the semidiurnal lunar tide are respectively 3% of the mean
yearly value and 9.6 lunar hours. Here also only the two
first harmonics of the lunar tide are significant at the
5% levels

The results of the second harmonic are in agreement

.with results found by other authors ad midlatitudes.

If the data are grouped according to the different sea

sons, it is found that at Ebro only the two first harmonics

in winter and the 2nd, 3rd and 4th harmonics in summer ere

significant at the 5% level. At Hamilton all but the first

harmonic in summer Are signifiennt.- -. .. -- . ---.- ---~ n .- fl.. ~
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The second harmonic phase at Ebro is nearly the same in
winter and in summer, while at Hamilton there is a small in

crease from the 8.2 lunar hours in winter to the 10.3hr in
summer with an intermediate value of 9.7hr in equinoxes4

The non-significance of the equinoxes results at Ebro

could be related to the change of position of the focus of

the dynamo currents, as deduced from the diurnal variation

of the horizontal magnetic component recorded at ground in

Ebro.
The semimonthly lunar tide obtained from the lunar com-

ponents found by the Chapman-liller method, shows a solar

dependence in both stations, Ebro and Hamilton. %hen the

whole year is considered, the maximum amplitude is found to

occur in the afternoon and the minimum in the early hours
of the day. The maximum seems to shift towards later hours
from winter to summer when the data are gathered in by sea

sons. This solar control of the amplitude of the semimonth

ly lunar tide is probably due to the different ion prodtc-
tion processes and ionospheric profiles during day and

night time. In general, the phase has a zero value at 8hr-.

10hr solar local time, and increases from this hour onwards.
However in winte: at Hamilton the phase remains almost cons-

tant t with a value a Mittle above zero, from Ohr to 8hr so-

lar local time and it begins to increase at this time. In

the equinoxes at Ebro the phase takes the zero value at

15hr, but this result has been obtained from the non-signi-

ficant data already mentioned.
All these results have to be taken as provisional since

the number of date analized is not enough to obtain defini-
tive conclusions. Vie intend to extend the analysis to more
years in both t Ebro and Hamilton stations. With more data it
will be possible to eliminate the disturbed days and more ao

curate results will be pbtained.

" ' ' _ . , - ,- - . ,t . .... * ,-.P~ ... ... .
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